Objective: To determine whether preadolescent children with hemifacial microsomia (HFM) have higher risk of neurodevelopmental delays than unaffected control individuals.
H
EMIFACIAL MICROSOMIA (HFM) refers to asymmetric hypoplasia of the face and ears. Structural outcomes range from isolated microtia to severe bilateral facial malformations. [1] [2] [3] The origin of HFM is not fully understood, although hypotheses focus on aberrant neural crest cell activity and prenatal vascular disruption. [4] [5] [6] Depending on the presence of associated malformations (eg, epibulbar dermoid and vertebral anomalies), other terms used to encompass HFM include oculoauricular vertebral syndrome and Goldenhar syndrome. Although differing origins for these presentations had been assumed, they are now thought to represent a spectrum of severity in a similar morphogenic error. 7 In addition to their differences in facial appearance, children with HFM have an increased risk of hearing loss, speech impairment, and feeding problems. 8, 9 Given the association between the developing face and brain, 10 children with HFM have been thought to have neuropsychological deficits. Indeed, the few existing studies support this assumption. 11, 12 These investigations have been limited, however, by indirect assessment (eg, medical records reviews 12 ) and small sample size. 11 Furthermore, we are not aware of any studies that included unaffected control individuals, which is of concern because HFM is associated with demographic factors 6 that might also influence neuropsychological outcomes.
This study tested the hypothesis that children with HFM exhibit worse verbal, nonverbal, and academic skills than controls. Potential moderators of outcome, such as child sex, maternal age, presence of other malformations (aside from those included in the HFM phenotype), and history of speech, hearing, and vision impairment were also examined. Preliminary data for one outcome measure (teacher-reported academic competence) were reported previously for a subset of cases and controls. 13 
METHODS

STUDY PARTICIPANTS
Study participants were originally enrolled in infancy as part of a study of pregnancy risk factors for HFM. 6 We attempted to reapproach these families for participation in the current study when their child reached 5 to 6 years of age. All participating children were between the ages of 5 and 12 years at enrollment.
CHILDREN WITH HFM
Cases included children with diagnoses of facial asymmetry or HFM, including oculoauricular vertebral syndrome, Goldenhar syndrome, or microtia. Exclusions were known chromosomal anomalies, mendelian inherited disorders, in utero isotretinoin exposure, having been adopted, and age older than 36 months. In the original cohort, 279 children with HFM were recruited from 26 craniofacial centers across the United States and Canada. We were unable to reapproach 12 case participants for the current study because of institutional review board constraints. An additional 62 children were excluded from this analysis for diagnostic reasons (40 with unilateral microtia and no other evidence of HFM, 11 twin gestations, 5 with isotretinoin-related HFM, and 6 with genetically inherited HFM). Nine families were excluded for other reasons, including child death. Of the remaining 196 eligible families, 43 could not be contacted and 17 refused participation or failed to return study materials, resulting in a final sample of 136 case participants (69.4% of eligible participants).
UNAFFECTED CONTROLS
Eight hundred fifty-four unaffected controls were recruited for the original study. Controls were recruited through cases' pediatricians (72.3%) or from another pediatric practice in close proximity and similar in size to those of cases' pediatricians (27.7%). Approximately 3 controls were recruited for each case. Controls were eligible for participation if they were within 2 months of the cases' age at the time of recruitment. In addition to the exclusions listed for cases, controls were excluded if they had any major malformation. Because of institutional review board constraints, we were unable to reapproach 45 control participants for the current study. Another 6 control families were excluded because of family circumstances and 2 were excluded because of twin gestation. Of the remaining 831 families, 142 could not be contacted and 121 refused participation, resulting in a final sample of 568 control participants (68.4% of eligible control children). One control child participated in the follow-up but did not provide data on any of the measures reported here.
MEASURES
The geographic distribution of our sample made it impractical to have a psychometrist assess each participant individually. We therefore selected 2 tests that teachers are qualified to administer, in accordance with the American Psychological Association's test user criteria 14 : the Peabody Picture Vocabulary Test-Third Edition (PPVT-III) 15 and the BeeryBuktenica Developmental Test of Visual Motor IntegrationFifth Edition (VMI-5) 16 . We also used questionnaire measures of teachers' and parents' impressions of children's academic status.
The PPVT-III
The PPVT-III is a norm-referenced measure of receptive vocabulary. Respondents are presented with increasingly difficult vocabulary words and shown 4 target pictures. They are asked to point to the picture that best represents the word. Reliability is excellent, and convergent validity is supported by strong correlations with other measures of verbal ability and prediction of academic achievement. 15, 17 The divergent validity of the PPVT-III is supported by low correlations with measures of visuomotor skill, including the VMI-5.
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The VMI-5
The VMI-5 is a norm-referenced measure of perceptual motor abilities. Respondents copy a series of 24 increasingly difficult geometric designs, which are scored for accuracy by an examiner. The VMI-5 has good reliability, including strong testretest stability and interscorer reliability among diverse examiners (eg, ranging from psychologists to teachers). 16 Validity of the VMI-5 is supported by convergence with other measures of visual perception and low correlations (ie, divergence) with verbal measures.
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Child Behavior Checklist and Teacher Report Form
Mothers and teachers completed the Child Behavior Checklist (CBCL) and Teacher Report Form (TRF), respectively. 18 We used the Academic Competence scales from the CBCL and the TRF. These scales assess the child's academic achievement, history of special education services, and grade retention. Both measures have well-established reliability and validity.
DEMOGRAPHIC AND MEDICAL HISTORY INTERVIEW
Participating mothers were interviewed with regard to demographic, reproductive, and medical factors as part of the original study. 6 Data used for this study included race and ethnicity and the following factors present at the time of birth: maternal age, maternal education, household income, marital status, primary language spoken in the home, and geographic region of residence.
MEDICAL RECORDS REVIEW
Medical records for cases were reviewed for notations of hearing, vision, and speech impairments and diagnoses of other malformations in addition to those that comprise the HFM spectrum (ie, auricular anomalies, dermoids, colobomas, and vertebral anomalies). The following categories of other malformations were found: cleft lip and/or palate (n = 14), cardiac defect (n = 26), renal anomaly (n = 6), limb defect (n=7), gastrointestinal defect (n=8), genital malformation (n=6), Moebius syndrome (n=1), and Larsen syndrome (n=1).
PROCEDURES
Mothers were initially contacted by telephone and those who expressed interest in participating were mailed a study packet, which included the CBCL. Mothers who consented to participate identified a teacher who could administer tests to the child and complete questionnaires. In a few instances (n=19), a classroom teacher was not available, so the family identified a similarly trained adult (eg, a speech therapist or school counselor). Study personnel then contacted the child's teacher and sent a packet that included the TRF, PPVT-III, and VMI-5 test materials and written instructions for administration. To reduce errors, directions for administering the PPVT-III and VMI-5 were modified, and rather than scoring measures themselves, teachers mailed the completed forms to study personnel, who were masked to case status, for review and scoring. If significant administration errors were found (n=3 cases, n=12 controls), the same teacher or another teacher identified by the family was contacted and asked to readminister part of or all the testing as needed. This study was approved by the Boston University Institutional Review Board and completed in full compliance with Health Insurance Portability and Accountability Act standards.
DATA ANALYSIS
Demographic and clinical characteristics were summarized separately for HFM cases and controls using descriptive statistics. To evaluate for response bias, we calculated descriptive statistics for demographic variables separately for participants and nonparticipants. Linear regression analyses were used to compare children with HFM and unaffected controls on the various outcome measures, adjusting for child's sex, child's age at testing, mother's race (white, black, or other), mother's ethnicity (Hispanic vs non-Hispanic), maternal age at the time of the child's birth (Յ25 years vs Ͼ25 years), maternal education (Ͻ12th grade, 12th-grade graduate, some college, or college graduate), household income (Ͻ$25 000, $25 000-$34 999, $35 000-$64 999, Ն$65,000, or not reported), marital status (single and living with child's father; single and not living with child's father; divorced, separated, or widowed; or other), primary language spoken in the home (English or Spanish), and geographic region of residence (Northeast, Mid-Atlantic, Midwest, South, or West). Standard scores, with a normative mean of 100 and an SD of 15, were used for comparison on the PPVT-III and VMI-5. On the CBCL and TRF, T scores were used (normative mean=50, SD=10). The magnitudes of group differences were estimated using standardized mean difference effect sizes (comparable to Cohen d 19 ) adjusted for demographics. Inverse probability weighting (IPW) 20 was used to determine whether these findings were influenced by response bias. For these analyses, we first used logistic regression to predict participation using the listed covariates. We then generated scores reflecting the probability of each participant being observed (ie, participating) in the current study. Linear regression analyses were then rerun, weighted by the inverse of the probability of being observed. We also examined scores categorically, using clinical cutoff scores of greater than 1 SD below the normative mean to identify children at risk for developmental problems (ie, Ͻ85 for the PPVT-III and VMI-5 and Ͻ40 for the CBCL and TRF). Odds ratios (ORs) were calculated to compare the proportion of cases vs controls scoring below this at-risk level. Again, IPW was used to determine whether the findings were influenced by response bias.
We also examined case-control group differences separately by sex and maternal age at the time of the child's birth (maternal age Յ25 years vs Ͼ25 years), controlling for the same listed demographic variables. The cutoff maternal age of 25 years was chosen based on the distribution of maternal age in our sample. Finally, we examined outcomes separately for case subgroups, including cases with other malformations and those with hearing, speech, or visual impairment. All these conditions are closely related to HFM, and subgroup differences may help to identify children at particular risk and select targets for intervention. 
RESULTS
Demographic characteristics of the sample are summarized in Table 1 . Relative to controls, the case group had a higher proportion of males (64.0% vs 49.8% in the control group) and people of Hispanic ethnic heritage (24.3% vs 11.8% in the control group) and were more likely to come from primarily Spanish-speaking households (11.8% vs 3.5% in the control group). Homeschooling was infrequent in both groups (0.7% of cases and 2.5% of controls), and most children were in kindergarten through second grade (72.4% of cases and 69.0% of controls). Average age was similar in both groups (mean [SD] age,7.0 [1.0] years in the case group vs 6.9 [1.0] years in the control group). Socioeconomic status was similar for the 2 groups, with most mothers having completed some postsecondary education (63.9% of cases and 69.6% of controls) and reporting an annual household income of $25 000 per year or more (67.0% of cases and 78.5% of controls). Geographic region was similar for both groups. Of the cases, 33.8% had 1 or more documented malformations other than those related to HFM. Speech and hearing impairments were documented for 47.1% and 55.1% of cases, respectively, and vision impairment was documented for 16.9%. Seventy percent of cases had at least 1 of these problems.
Compared with participants, mothers of cases and controls who did not respond or declined participation had lower educational attainment (58.8% high school graduate or less) and were less likely to be white (41.5%). These differences were most apparent for case mothers, for whom nonparticipants were more likely to be Hispanic (45.8%), to have a daughter (48.6%), and to have a high school education or less (63.9%) compared with participating cases.
COMPARISON OF CASES AND CONTROLS ON NEURODEVELOPMENTAL OUTCOMES
Regression analyses revealed statistically significant group differences on the PPVT-III (P Ͻ .001) and VMI-5 (P =.004) ( Table 2 ). The adjusted group differences on the VMI and PPVT-III were small to moderate (effect size=−0.31 to −0.43). Similarly, children with HFM received lower scores on average than controls on the Academic Competence scales of the CBCL (PϽ.001) and TRF (P=.008). Again, the magnitude of these effects was small to moderate (effect size=−0.27 to −0.45). Differences increased in magnitude with the application of IPW to adjust for response bias ( 
SUBGROUP ANALYSES
Cases received lower scores than controls on all measures, regardless of the child's sex or the mother's age (Figure 1 ). Differences were consistently larger for children whose mothers were 25 years or younger at the time of their birth than children whose mothers were older than 25 years, and differences tended to be larger for boys than girls. Associations were strongest for cases with other malformations (Figure 2) . Cases with speech impairment had worse outcomes on all measures, whereas those with hearing loss or vision impairment had worse outcomes on some measures but not others.
COMMENT
These findings support the hypothesis that children with HFM exhibit poorer verbal, nonverbal, and academic skills than unaffected controls. Receptive language and scholastic competence were areas of particular vulnerability, with clinically meaningful differences observed in both domains. For example, children with HFM were 3 times as likely to score in the at-risk range of performance on the PPVT-III, implying that they are more likely than their peers to require specialized instruction to ameliorate receptive language delays. Although group differences in visuomotor skill were smaller, children with HFM were still twice as likely to score in the at-risk range of performance. Estimated differences increased when we used IPW to adjust for response bias, suggesting that case-control differences may be larger in groups that were underrepresented in the current study (eg, those from lower socioeconomic backgrounds). This finding is consistent with studies of children with other types of biological vulnerabilities (eg, prematurity) in which neurodevelopmental deficits are magnified by social risk factors. 21 Despite some variability in the magnitude of group differences, an association between HFM and poorer outcome was observed for all subgroups. The finding of worse neurodevelopmental outcomes in children with HFM and other physical malformations is similar to studies with populations who have other craniofacial malformations. 22 These other malformations may indicate greater severity in the underlying morphologic error responsible for HFM, which may also be reflected in central nervous system development. Relative to controls, worse outcomes were also observed for cases whose mothers were 25 years or younger at the time of their birth, even after adjusting for anticipated confounds (eg, socioeconomic status). Younger maternal age has been linked with worse neurodevelopmental and academic outcomes in previous studies. 23, 24 For children with HFM, the combination of a young mother and medical vulnerability may be particularly difficult because younger mothers may have less access to needed intervention services. Consistent with research showing males to be more vulnerable to neurodevelopmental problems than females (eg, autism, 25 dyslexia, 26 and language delay 27 ), on most measures boys with HFM were more likely than girls to score lower than controls. Speech impairment was associated with lower scores among cases; associations among children with vision and hearing impairments, on the other hand, were less consistent.
Our findings extend the results of 2 previous, smaller studies 11, 12 in which comparisons with test norms or the frequency of documented learning problems suggested that children with HFM had an elevated risk of poor outcomes. Although the association between HFM and compromised neurodevelopment appears more certain in this study, the mechanism(s) accounting for this relation remain(s) poorly understood. Several factors associated with HFM are potentially contributory, including speech and hearing difficulties, vision impairments, central nervous system anomalies, operations and hospitalizations, and the sociopsychological effects of anomalous craniofacial appearance (eg, negative social bias may affect teachers' ratings of academic competence). 28 Our subgroup analyses suggest that some of these conditions are associated with poorer outcomes even if they do not fully account for the association between HFM and neurodevelopmental delay. This study addressed the limitations of prior investigations through the inclusion of a large sample of children with HFM and demographically similar controls. In addition, ours is one of the few projects to use standardized assessments (vs reliance on clinical impressions or medical records), which broadens the interpretability and generalization of our findings.
With respect to this study's limitations, families with higher social risk were underrepresented in this follow-up study, and IPW analyses suggest that group 29 Unfortunately, because we were limited to the information available in medical records, we were unable to examine neurodevelopmental differences as a function of HFM severity or the full range of associated characteristics. Nonetheless, our study highlights some of the domains to be directly assessed in future research with this population.
Future studies of children with HFM are needed to articulate their neuropsychological profile. Longitudinal studies, which follow up cases and controls from infancy, are likely to be particularly useful because these projects may lend insight into the risk factors that modify or mediate neurodevelopmental risk. Such research will have direct clinical relevance, helping to identify areas of need for educational and psychological interventions. In addition, such studies will advance our theoretical understanding of the origins of developmental delay in this population and the association between the developing face and brain (eg, are certain craniofacial malformations associated with particular neuropsychological deficits?). As an initial step, using data from this cohort, we plan to examine the contribution of pregnancy factors implicated in the etiology of HFM (eg, vascular disruption and maternal diabetes mellitus) on neuropsychological outcomes in an effort to generate hypotheses to guide future research. We also plan to follow up cases and controls into adolescence, with anticipated studies of neuropsychological function, craniofacial phenotype, and brain morphology.
In conclusion, these findings suggest that children with HFM have an elevated risk of delays in receptive language, visuomotor skill, and academic function. Clinically, these early-stage findings suggest that routine neurodevelopmental screening is warranted in this population. Early detection and management of speech, hearing, and vision impairments may help to offset some of the elevated risk in children with HFM. 
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